Abstract-The spatial uncertainties of atomic force microscope (AFM) tip position hinder the development of the AFM-based nanomanipulation. These uncertainties cannot be corrected at nanoscale using the traditional position sensor, which is used in the macro robot localization. As for that problem, we propose that the AFM tip is used as the sensor to detect the landmark in the sample surface via a local-scan-based motion. The landmark positions are used to estimate the tip position in the task frame. The local-scanbased observation model is built on the foundation of the tip motion model. These model parameters are calibrated using statistical experiments. Simulation and experimental results show that the proposed method can improve the accuracy of the tip position. Then, the influence of the tip position accuracy is analyzed by using nanomanipulation results of the experiments. Furthermore, three important factors in AFM tip based nanomanipulation are discussed. The landmark domain as the first factor is analyzed for assurance of the tip accuracy before nanomanipulation. The second one is studying the contact characteristics between the nanoparticle and the substrate by detecting nanomanipulation force. The last one is taking the tip shape into account for effective manipulation through fine-tuning the tip offset. Finally, the experimental results illustrate the effectiveness of the proposed method for fabricating the nanostructures and devices.
I. INTRODUCTION
A FM tip can be used as an end effector to manufacture the nanostructure for providing a great potential tool of nanomanipulation independently [1] , [2] or with scanning electron microscope (SEM) assistance [3] . However, it is difficult to guarantee the tip position accuracy in the allowed range due to the PZT (PbZrTiO3) scanner nonlinearity and system thermal drift, which hinders the development of the AFM-based nanomanipulation [4] , [5] . Based on these problems, the PZT models and thermal drift compensation are proposed to enhance nanomanipulation efficiency.
Because nonlinearity of the PZT driver leads to the tip spatial uncertainties [6] , the sensor-based closed-loop control and model-based compensation methods are developed to reduce the hysteretic and creep effects of the PZT. The closed-loop control method is designed to get highly reliable and robust compensation by mounting a positioning sensor on the scanner. Additionally, the tip position relative to the scanner center axes can only be improved by this method. However, the tip position error in the substrate surface cannot be compensated due to the thermal drift. In addition, this method can be costly and lead to higher system noise, which results in deterioration of the image quality, and even the oscillations in small scan areas [7] . Thus, a method of model-based compensation [8] , [9] is proposed to compensate nonlinearity of the PZT scanner. The precision of this method depends strongly on the accurate parameter value. Although in this method, it is difficult to obtain accurate values and is time consuming to identify the accurate parameters, this method is widely applied in current commercial AFM systems for its low-cost and high image quality.
Another factor affecting the spatial uncertainties is the thermal drift. It is caused by the contraction and expansion of the AFM mechanical components due to the temperature changes [7] . The traditional solution generally costs a couple of hours for scanning before manipulation to eliminate the drift influence aroused by the mechanical change in size. At the same time, AFM manipulation is strictly controlled under the homogeneous environment conditions [10] . Also, this method is inconvenient and inefficient, for the thermal drift is still unobservable and temporal variant, as reported in [11] . Thus, the compensation methods based on the Kalman filter [11] and the neural networks [12] , etc., are proposed to estimate the thermal drift. The performance of these approaches depends largely on the accuracy of the model parameters used to compensate the thermal drift, while it is difficult to obtain the accurate parameters. Then, the Monte Carlo localization based compensation method is proposed. By using the tip as a sensor [7] , [13] , it can reliably estimate the thermal drift inside an AFM even with highly unstructured samples.
These methods focus on predicting the thermal drift between the tip frame and the sample surface frame, then indirectly estimating the tip position. While the approach proposed here directly localizes the on-line tip position by intermittently observing the landmark in the sample surface (task frame), referring to the macro robotic localization [14] , [15] .
In this research, the control model of AFM tip is calibrated, and the output of the tip motion is linearized by using a stochastic motion model, which consists of three parts: the PrandtlIshlinskii (PI) based hysteretic compensation, the creep compensation, and the thermal drift compensation. However, the tip motion model alone cannot meet the requirements of estimating the positions for a long time, because the uncertainties in the nanoenvironments will accumulate over time. Then, a local-scan-based landmark observation is developed to improve the tip position accuracy. By observing the landmark, such as nanoparticle and using the tip motion control input, the tip position is updated optimally. Some calibration experiments are included in this paper to estimate the probabilistic parameters of the tip motion model and the observation model. Additionally, the simulations and corresponding experimental results are shown as follows to illustrate the validity of the proposed method. Next, nanomanipulation results with the different accuracy of the tip position are contrasted for illustrating that this method can promote the efficiency of nanomanipulation. Then, a pattern is constructed using nanoparticles to show that this method can provide a great potential for fabricating the nanostructure and device. Furthermore, the main factors effecting nanomanipulation are discussed. Finally, the nanostructures with different nanoparticles are built for illustrating the validity of the proposed method.
The main contents of the sections are as follows. The system framework is given in Section II. The stochastic motion model of the AFM tip is described in Section III. The algorithm implement including parameter calibrations of the motion and measurement models, and the tip positioning experiments results are introduced in Section IV. In Section V, nanomanipulations with different tip accuracy are performed to illustrate the importance of tip localization in maneuvering, and a nanostructure is constructed with the proposed method. In Section VI, the main factors in AFM tip based manipulation are analyzed. Finally, the conclusions are given in Section VII.
II. PROPOSED FRAMEWORK OF TIP POSITIONING CONTROL
The tip positioning model is established in the new architecture, including a feedback control on the AFM tip motion during nanomanipulation (see Fig. 1 ). The tip can perform long time imaging and manipulation, if it is worn and dirty, the user can find this problem to change the tip for continuing the task.
This control module distinguishes from general feedback control systems [6] , [16] - [22] in two points. First, two types of data are incorporated in the feedback loop: the motion estimation data and the observation data based on the local scan. The procedure of the local scan is shown in Fig. 2 and described in the following section. Feedback loop associated with tip position estimation using motion model can be performed at higher frequency, but the uncertainty of the tip position distribution will also increase with accumulation of an estimating procedure. By using a probabilistic filter with the higher accuracy, the landmark observation in feedback loop can update the tip position. However, for the local scan actions, this updating process can only be executed in a lower frequency. Second, a probabilistic trajectory planner is included into the control loop for planning one or more local scan trajectories before a motion to the final target for manipulation.
A. Tip Motion Model
The AFM tip position will be denoted by a two-dimensional vector x in the task frame. The state variable x k denotes the tip position at discrete time k, X k denotes the sequence of the tip positions or its path from time 0 to time k, as follows:
Tip motion control data are denoted by u k , which correspond to the motion of tip position from time k to time k + 1. The sequence of control inputs is as follows:
where g( * , * ) is the state transition function, w k +1 denotes error random variable with the distribution of the tip position, R k +1 is a 2-by-2 covariance matrix of the distribution. g ( * , * ) mainly depends on the tip previous position x k and motion control u k . Additionally, PZT creep displacement effect d k and system thermal drift v k * Δt are added for correcting the tip motion as
where v k is the thermal drift velocity vector, Δt is the time period from x k to x k +1 . Since the motion tip is limited in a small area around the PZT center, v k , d k , and u k can be assumed to be independent from each other when scanning and manipulating. These factors are different features of AFM components, and can lead into the tip uncertainties in the task space, so some methods should be adopted to compensate the tip uncertainties [6] , [11] . Accordingly, w k +1 mainly depends on the tip position distribution w k at the state x k , the linear superposition of three parts of the errors of u k , d k , and v k . The three random variables are considered to be with zero-mean Gaussian according to the calibration experiments represented in Section IV.
B. Landmark Observation Based Positioning
During the horizontal and vertical scanning in Fig. 2 , the tip position is updated by using the Kalman filter as follows.
First, the tip position is optimally estimated at x kp by using the Kalman filter. Because the tip is used as a sensor to observe the landmark in the observation, this algorithm is different from the macro robot localization using other sensors to estimate the robot position.
The horizontal scan from x k to x k +1 , including the tip translation and the observation estimation at x kp , is analyzed as following. The tip translation from x kp to x k +1 is expressed by the tip motion equation as
where l k 1 is a scalar variable, which denotes the scan length (tip motion control) from x k to x kp in the scan profile in Fig. 2 , l * k 1 is the mean of l k 1 , x k, kp is a random variable vector from x k to x k p , and x * k,kp is the norm of the mean value of x k,kp , i.e., l k 1 . x * k,kp / x * k,kp denotes the unit vector in the direction of the local scan in the task frame. w kp is an error random variable, which is the linear superposition of the error random variable w k at x k , and w k 1 resulting from motion x k -x kp .
The observation estimation assumes that the observational point (x kp ) of the scan trajectory is the same position (m j ,xy ) of the particle centre in the task frame. The m j ,xy can be calculated according to [24] . The observation equation is as following:
where z kp is the observation value at x kp , and v z ,kp is the random variable with Gaussian distribution. The uncertainties of localscan-based observation mainly consist of three error sources that are independent mutually: the landmark position errors from the calculation in the map (v map ), errors of the different nanoparticle center on various local scan lines (v z k l ), and errors from local scan direction deviation (v z θ ) (these related information referred to Section IV-A.2). The combined random variable for these three errors is a linear superposition as
The real measure at x kp is calculated as follows:
where m j is the landmark position. S x and S y are defined as selection matrix for the horizontal and vertical observation as
In general, two nonparallel local scan actions are taken to fully observe the two-dimension position information in the task fame. These local scan actions take tens of milliseconds, and can be used to update the tip position in real time.
C. Tip Position Updation
The tip position is measured through the motion model and the observation model abovementioned. Then, the tip optimal position at x kp is estimated using the Kalman filter.
III. PROBABILISTIC MOTION CONTROL OF AFM TIP
During the nanomanipulation, the PZT input voltage changes at the same rate, and the tip is controlled laterally step by step at a fixed interval. As the tip moves to a certain sample point after taking a fixed step along the scanning line, the height at that position is measured. Thus, the scan profile could be obtained, and then, it will be used as "a ruler" to measure the spatial distance between the tip and the feature. The tip motion model is also the foundation of the feature observation model. In the experiment, the fixed step is called the basic step, which is the smallest unit for the motion and the observation. The tip motion model includes three models: the PI model, the creep model, and the improved thermal drift model. Additionally, an observation model is added in Section IV. The establishments of these motion models are introduced below.
A. PI and Creep Compensation Models for the PZT
As for the PZT material, the PI model is widely used to build the forward feedback controller to predict the tip position. The details of this model are represented in [9] , [11] , and [23] . When the input voltage changes at the same rate, the displacement of the PZT is not only in relation to the current voltage but also to the historical voltage. When the input voltage is a fixed value, the displacement will increase over a period of time and then reach a stable value. This transition procedure is called the creep effect. We can build the creep model to express the transition state for increasing the accuracy in the tip positioning. The PI and creep models are described in [24] .
B. Thermal Drift Model
The thermal drifts in x and y directions can cause the change of the scanning interval distance between P 1 and P 2 in the multiple continuous images (see Fig. 3 ). These images are continuously obtained by alternate scanning mode of frame up and frame down. The drift velocity is estimated by the following strategy.
The nanoparticles in the images drift upward and rightward (see Fig. 3 ). The image is obtained by scanning the sample line by line. As for each line, the tip scans from left to right. During the imaging procedure in the frame up mode, P 2 is scanned first, then P 1 drifting far away from P 2 before P 1 is scanned. Thus, the vertical scanning interval distance between P 1 and P 2 will become larger than their actual interval distance, which is denoted by d u y . However, the vertical scanning interval distance will become smaller in the imaging procedure in the frame down mode, which is denoted by d d y , for P 2 drifts toward P 1 . The velocities such as v drift x and v drift y in x and y directions, respectively, are calculated as follows:
where T u is the scanning time interval from P 2 to P 1 in the frame up mode, its value is T u minus Δt. T u is the scanning time interval from P 2 to the assumed nanoparticle P 1 , which is on the right side of P 1 . Δt is the additional time interval for finding P 1 from P 1 to P 1 in the horizontal scanning. T d is the scanning time interval from P 1 to P 2 in the frame down mode, its value is T d plus Δt. T d is the scanning time interval from P 1 to P 2 . Equation (11) is obtained by dividing (9) by (10), then (11) is transformed into (12) to estimate the thermal drift in the vertical direction. As for the horizontal thermal drift, (13) can be obtained similarly.
IV. IMPLEMENTATION OF POSITIONING TIP
The model parameters of the motion and observation are calibrated for the PZT without sensor-based control. Additionally, the simulation and the corresponding experimental results verify the algorithm.
A. Motion and Observation Models With Stochastic Calibration 1) Parameters Calibration for Motion Model:
The tip motion model is expressed by (2), the corresponding error random variable w k +1 is
where w k h is the error from the PI-based motion model, w k c is the error from the creep model, and w k d is the error from the thermal drift model. a) The parameters calibration for the PI-based model and creep model: The parameters for the PI-based motion model and the creep model in horizontal and vertical directions are calibrated separately by fitting the sample points of the hysteretic loop using the least square method. These sample points are obtained by making dents on a compact disk (CD) surface, which are used to calibrate the model parameter. The calibration procedure is described in [24] . b) The parameters calibration for the thermal drift model:
The velocity of thermal drift is calculated using several groups of continuous images, which are obtained in several days. The velocities of thermal drift are estimated. Additionally, it is found that the velocities fluctuate around a value after the AFM system runs 2-3 h and reaches its stability. The thermal drift velocities are fitted with the Gauss function, the results are as following: μ x = −0.004 nm/s, σ x = 0.027 nm/s, μ y = 0.099 nm/s, and σ y = 0.209 nm/s. The mean of the velocities in x direction is closer to zero. The mean in y direction is closer to a positive value.
2) Parameters Calibration for the Observation Model:
The nanoparticle center x kp is observed to estimate the tip position; the sensing errors mainly come from the following three parts:
a) The error v map of the nanoparticle center in the preimage: The task frame is set up in the target region of the sample surface, where the features such as nanoparticles are presented by using the preimage. The nanoparticle center calculation is effected due to nonlinearity of the scanner lateral displacement and the thermal drifter. The uncertainties of the nanoparticle center are stochastically calculated by localizing the same nanoparticles on multiple scanning images repeatedly. First, multiple images of the same region (with the same nanoparticles) are obtained. Second, the differences of the height reference among the multiple images are compensated according to the top height of the nanoparticle P 1 . The top height is the mean of the neighborhoods points (nine points) around the top point. Third, the nanoparticle P 2 center relative to the center of the nanoparticle P 1 is calculated and is found to obey Gaussian distribution according to the fitting results: μ x = 0.0 nm, σ x = 5.0 nm, μ y = 0.0 nm, and σ y = 4.5 nm. b) The error v z kl of nanoparticle center due to local scanning the different part of the nanoparticle: The measurement of the nanoparticle center is also disturbed by scanning the different part of the nanoparticle. The measurement model may perform different scanning along line 1, line 2, or other lines, as shown in Fig. 4(a) . The nanoparticle center x kp may be stochastically calculated by calculating the different scanning line around the nanoparticle in the preimage, and the distribution subjects to the Gaussian distribution with μ y = 0.0 nm and σ y = 4.7 nm. c) The error v θ of nanoparticle center due to the deviation of the local scan angle: Here, the deflection of the real scanning line is caused by the creep effect and the construction of the PZT scanner. Fig. 4(b) shows that the deflection angle θ between the real scanning line and idea line is stochastically calculated through multiple scan lines, which are recorded by punching the dents at the two ends. θ is smaller than 1°and regarded to be disturbed by Gaussian noise with the covariance: 0.39°. d kp is the distance between the nanoparticle center and the scanning line. If the d kp equals to the extreme value, i.e., the nanoparticle radius, the maximum of the nanoparticle center deflection d θ is close to 2 nm. Thus, v θ can be neglected in the observation model. 
B. Simulation and Experimental Results
To illustrate the validity of the abovementioned method, the related simulation and experiment are designed and performed with veeco Dimension 3100. The parameters of the motion model of AFM tip are obtained from calibration experiments. The parameters of the observation model are calibrated by repeatedly scanning the same area as abovementioned.
In the experiments, multiple polystyrene nanoparticles with the diameter of about 200 nm are scattered on the CD substrate. An area including at least one nanoparticle is selected and preimaged. Then, imaging is stopped and the tip is moved to the center of the scanning region. Next, the tip is moved to x 0 stochastically with the same distribution for each experiment. This procedure is as follows: First, moves the AFM tip from the center to x 2 ; second, performs local-scan-based localization along the path x 2 → x 3 → · · · → x 6 ; third, updates the tip position x 6 , plans and moves the tip to x 8 with high accuracy along the path x 6 → x 7 → x 8 ; and finally, moves the tip to x 0 along the path x 8 → x d 1 → x 0 (marked by the dotted line in Fig. 5 ) and punches the dent at x 0 . Due to the long moving distance from x 8 , the uncertainties of the tip position at x 0 will increase. Thus, the tip moves to x 8 using the local scan method and punches for recording its localized position. The tip positioning experiments are performed 50 times; the distribution of tip position on waypoints is shown in Fig. 5(a) and (b) .
The tip observes the landmark two times, which includes a horizontal measurement (for x 2 to x 3 ) and a vertical measurement from x 5 to x 6 . The tip performs positioning control in the horizontal component of position after horizontal observation. Additionally, the accuracy of the horizontal component of x 4 or its later position can be statistically estimated. Likewise, the tip can calculate the accuracy of vertical component of x 7 or its later position after vertical observation. The experiment of localizing the tip using landmark observation includes multiple positions. Some positions such as x 0 , x 2 , x 5 , x 6 , and x 8 are used as key positions in Table I for representing the localization procedure. Additionally, other positions such as x 1 , x 3 , x 4 , and x 7 as the way points are neglected. horizontal observation, the positioning control in the horizontal component is performed at x 5 , then the tip moves from x 5 to x 6 for estimating the tip position in the vertical direction. x 5 and x 6 distribution are listed including u x and σ x in Table I . While u y and σ y are not counted because there is not any control in the vertical component. Then, the positioning control is added in the vertical direction in x 7 and x 8 . The x 8 distribution in Table I is estimated. Additionally, these positions from x 0 to x 8 are defined in the task space and cannot be detected by any sensor directly. We obtained these positions through punching dents on the CD surface, rescanning these regions, and calculating the dent positions in the rescanning image. In order to get the position distribution, we performed 50 experiments. Considering the tip maybe broken in punching the dents, we need not record all of the positions for reducing the punch times. Fig. 6 shows the experimental results in the 3-D histogram, the Gaussian fitted curves for the distributions in X and Y directions at the start position x 0 and target position x 8 . The tip moves from x 0 to x 8 , its uncertainties will increase if using the traditional approach. Therefore, we propose landmark observation for improving the accuracy of the tip position. The accuracy of x 8 distribution is estimated to contrast its value with x 0 distribution for illustrating the validity of the proposed method.
V. VALIDATION OF THE PROPOSED METHOD IN NANOMANIPULATIONS
The tip lateral position related to the nanoparticle plays an important role when maneuvering the nanoparticle. In this paper, a landmark observation strategy is proposed to improve the tip position accuracy and then promote the efficiency of nanomanipulation. Following experiments will validate this method using the statistical techniques. The different accuracies of the tip position relative to the same nanoparticle are quantitatively obtained through resampled 50 experimental positions. These positions are consisting of the localized positions of the tip through observing the nanoparticle and other several groups of the intended uncertainty positions, all of which come from 190 times of repetitive experimental nanomanipulations. The corresponding nanomanipulation results are contrasted to illustrate the influence of the tip accuracy on the manipulation. Additionally, a nanostructure is assembled using the proposed method.
A. Statistic Experiment Design for Demonstrating the Proposed Method
The experimental details are described as follows: The tip is first positioned on the image center, then moved to P l through local-scan-based observation with high position accuracy [see Fig. 7(e) ]. Next, the tip is moved to the idea position P s for pushing the nanoparticle from P s to P t along maneuvering direction l through the nanoparticle center. The maneuvered position is near to the expectable position, as shown in Fig. 7(f) . If the tip is positioned without using the proposed method, the start position may be on the position P s (below P s ) or P s (above P s ), this will lead to an uncertainty error in nanomanipulation, as shown in Fig. 7(a) and (i). The experimental procedure simulates the tip position errors caused by the system uncertainties by moving the tip to positions P s and P s after accurately estimating the tip position at P l with the local scan method. The perpendicular distance between the tip simulated uncertainty position and the expectable path l is denoted as d. With d increasing, the uncertainty for nanomaneuvering becomes larger. The experimental results are analyzed in the following section. Fig. 7 clearly show the tendency of the influence for the tip position uncertainty on nanomanipulation. To quantitatively express the relationship between the tip position uncertainty and the performance of nanomanipulation, the resampling technique with replacement is adopted to represent the different tip distributions. By using 13 groups of experiments data with various uncertainty positions (see Fig. 8 ), 6 groups of distributions of tip positions are generated. For simulating the distribution i, several classes of the uncertainty positions with offset d sets [0, ±20 * i] (i = 1, . . . , 6) are resampled with N s times, respectively (see Table II ). These distributions are defined in the F Rot45 frame [see Fig. 8(b) and (c)] for easier reading. The tip standard deviations at P s are with σ x =∼ 3.0 nm, σ y =∼ 3.0 nm after the local-scan-based observation (if the tip is moved directly to P s from the image center without observation, the standard deviations are with σ x =∼ 5.0 nm, σ y =∼ 5.0 nm). This frame originates at the nanoparticle center P O . These simulated distributions from 1 to 6 at P s become larger mainly in the y direction and remain the same degree in the x direction in the F Rot45 frame. Additionally, these distributions are fitted by using Gaussian distribution in Fig. 8 . The corresponding parameters and manipulation results are shown in Table III . In Table III , m direction represents the manipulation direction, and v direction represents the direction vertical to m direction. μ m is the tip position mean at P s in m direction, σ m is the standard deviation for μ m , μ v is the tip position mean at P s in v direction, and σ v is the standard deviation for μ v . N suc is the count of successful nanomanipulations when the maneuvered nanoparticle positions fall into the rectangle region (according to 3σ principle) in m direction and v direction (see Fig. 9 ). μ suc is the mean distance of the successful manipulations in m direction. Correspondingly, μ lost is the mean distance of the unsuccessful manipulations in m direction and decreases from 464.2 to 286.9 nm. The successful manipulation case N suc decreases from 35 to 16 in 50 experiments with the distribution becoming larger. Additionally, the error standard deviation in v direction is estimated by counting all the data from distribution 1 to distribution 6. The relation between the tip manipulation distance and the tip motion distance in m direction is calibrated by using a series of tip motion distances L p . The experiment for each L p includes multiple times of manipulation. The experimental data about the manipulation distances in m direction are shown in Fig. 10(a) . The red line is fitted by using Random Sample Consensus algorithm [26] , and the outliers (red points) are excluded. Fig. 10(b) shows the corresponding distance error model, which is obtained by calculating the standard deviations σ mp . The standard deviation σ vp of the manipulated nanoparticle in v direction is calculated by using all the data. The successful region is defined by using a rectangle with width 6 * σ mp and height: 6 * σ vp (see Fig. 9 ). As shown in Fig. 9 , the lost nanoparticle center (blue bars) is gradually close to the start point P o with the uncertainty of the AFM tip increasing. This is not just verifying our common conclusion of single tip manipulation with unstable results, but also providing quantitative The relation between the tip motion distance Lp and the manipulation distance standard deviation of the nano-particle in m direction. Fig. 11 . Region for observing the nanoparticle. We can define the tip distribution region as an ellipse according to 3-sigma rule. The tip distribution bounder is adjoined to the nanoparticle bounder to avoid the tip contacting the nanoparticle at the waypoints and to make sure that the distance between the tip and the nanoparticle is the shortest.
B. Analysis of the Experimental Results

Experiment results in
results for analyzing the relation between the uncertainty of the tip position and the particle lost. During nanomanipulation, the tip is used to observe the manipulated object position in horizontal and vertical direction (see Fig. 11 ). Due to the tip position uncertainties, the tip should avoid contacting the nanoparticle at the waypoints such as x k , x k +1 , x k +3 , and x k +4 .These ellipse bounders are contained in the certain region with definite width and height. This certain region can be used to estimate the number of features to be assembled per unit length.
C. Proposed Method Based Manipulation for a Structure Assembly
A nanostructure is assembled by using the proposed method. This structure is the normal heptagon whose circum-circle radius is 1.7 μm. Fig. 12(a) shows that nanopartilces P 1 -P 7 are autonomously pushed to the target positions around P 0 . Fig. 12(b) presents that the nanoparticles P 1 -P 7 are configured to construct the pattern. During the manipulation, the nanoparticle may be left on the pushing trajectory because the stability for single tip pushing is limited. This problem can be solved partially by repeating the local-scan and particle pushing operation since the proposed method is feasible to run autonomously. In the experiment, the whole algorithm runs in a loop with two terminal conditions. First, the estimated distance from the nanoparticle to the target position is smaller than 60 nm. Second, the local-scan and particle-pushing operations for each particle should be performed no more than three times. Fig. 12(c) shows that another normal heptagon is constructed on the right of the first heptagon via the same steps. This result shows that the proposed approach has high potential for nanomanipulation in nanomanufacturing, especially by incorporating the nanohand approach [27] , [28] .
VI. ANALYSIS OF IMPORTANT FACTORS IN AFM TIP BASED NANOMANIPLATION
The main factors in AFM tip based nanomanipulation are further studied, which includes the landmark domain, the contact characteristics between the nanoparticle and the substrate, and the tip shape. Furthermore, the experimental results are provided to illustrate the efficiency of the proposed method.
A. Assurance of the Tip Position Accuracy in the Landmark Domain
After localizing around the landmark, the tip is moved to the push position. Then, the region around the push position is defined for guaranteeing the tip position accuracy, and the landmark is required within this region, which can be estimated according to the precision requirement at the push position and the tip localization accuracy around the landmark.
The landmark domain is calculated by the following formula. Assuming that the tip localization accuracy (Var (P l ), Var () is a function to fetch the variance of the tip position error) around the landmark and the precision allowance (Var (P t )) at the push position are known in advance, the tip translation (d l.t ) from P l should meet the following restraint condition:
where d l,t is the translation path from P l to P t . The tip motion uncertainties variance Var (d l,t ) increase linearly with the translation d l,t . Var (d l,t ) can be calculated by using the tip motion model. The tip moves along the horizontal or vertical direction step by step in the any translation path, as shown in Fig. 13 (a) and (b). After observing the nanoparticle, the tip is localized around this nanoparticle. To simplify the analysis of the landmark domain, the tip is assumed to be localized around the nanoparticle centre with the radius distance (R n ,t ) of the nanoparticle radius and the tip radius in Fig. 13(c) . This localized position can guarantee the high localization accuracy and avoid the collision between the nanoparticle and the tip. Furthermore, these localizations can be regarded as similarly forming a circle shape (C l ) around the nanoparticle with the same accuracy (Var (P l )). The circle radius is equal to R n,t . The push position (P t ) is assumed as the original point (0, 0) in the task space, as shown in Fig. 13(d) . The landmark domain boundary around P t in Fig. 13(d) is calculated according to (15) by using the relation between the tip translation distance and its position variance in the tip motion model. Equation (15) can be transformed to (16) and (17) according to the restraint condition of the horizontal variance and the vertical variance at position P t , respectively. Var_x ( * ) and Var_y ( * ) are used to calculate the variance at a certain position or caused by the translation. In our studies, the variance at P l is set to ( [5 
The outer polygon in Fig. 13(d) is calculated according to (16) , the inner polygon is calculated according to (17) . The intersection (A) of the two polygons is the constraint border of the tip localization (P l ). The landmark domain (outer border) in Fig. 13(e) is calculated using the dilation operation between A and C l .
In the experiment, the nanoparticle is used as the landmark for localizing the tip, and then the tip is used to push the nanoparticle. To ensure the tip accuracy, the push position is set to 300 nm away from the nanoparticle center along the nanomanipulation direction. This push position is close to P l , so the positioning accuracy approximates to the accuracy of P l .
B. Analysis of Contact Characteristics Between the Nanoparticle and the Substrate
First, the tip is used to observe the nanoparticle to localize the tip position, then the nanoparticle is pushed at a constant velocity. We can detect the deflection signal variation including vertical and horizontal variation in the position sensitive detector in Fig. 14(a) . Next, the push force is estimated using lateral deflection, at the same time the vertical deflection is detected during the manipulation, as shown in Fig. 14(b) . The signal variations from the start to finish are related to the push force during the manipulation, and the push direction is perpendicular to the cantilever direction. The deflection value in the lateral direction represents the push force size. This method can be used to detect the push force variation when the same diameter polystyrene nanoparticle is manipulated on the different substrate material, and the different diameter nanoparticle is used to analyze the push force. According to the experiments from Fig. 14(e) -(j), we can conclude that the push force will increase with the substrate roughness becoming bigger. Similarly, the push force will increase with the nanoparticle diameter becoming larger, as shown in Fig. 14(c) and (d) .
C. AFM Tip Shape Impact for Effective Nanomanipulation
The geometry of the cantilever and the tip shape has larger influence on the pushing operations as well as imaging [29] , [30] . We have taken a picture of the tip, as shown in Fig. 15(a) , as we know, the procedure of tip imaging can be regarded as dilation in the mathematical morphology, and we can estimate the tip shape by using the erosion operator. The tip shape is estimated by eroding the nanoparticle image [see Fig. 15(b) ], which is the dilation of the tip shape on the sample surface. The tip shape can be estimated before nanomanipulation with easy preparing nanoparticle sample, imaging, and short time calculation in a few second. Four tip shape estimated results are obtained through eroding the images of the nanoparticles with diameters 92, 198, 462, and 697 nm [see Fig. 15(c) ], then their intersections are calculated [see Fig. 15(d)] . Next, the front and side profiles of the tip shape estimation and the tip SEM image are contrasted to illustrate the method validity [see Fig. 15(a) ]. After obtaining the shapes of the tip and the nanoparticle, the action point is determined by calculating the minimum distance between the surfaces of the tip and the nanoparticle. The contact plane is calculated by fitting the set of surface feature points in the neighborhood of the action point. The normal of this plane is the direction of the actual pushing force. Fig. 16(a) shows the contact push between the tip and the nanoparticle in 3-D. Fig. 16(b) shows the intersection angle θ ia between the push direction and the actual force direction with a certain tip offset. Fig. 16(c) illustrates that the tip offsets have important influence on the actual force direction when the tip is pushed upward vertically. Through some statistic experiments, the manipulation distance with different tip offsets is obtained to verify the influ- Fig. 14 . Nanomanipulation of the particles with different substrates and diameters. The method detects the push force variation when the same diameter nanoparticle is manipulated on different substrate material; also the different diameter nanoparticle is used to analyze the push force. According to the experiments from (e) to (j), we can conclude that the push force will increase with the substrate roughness becoming bigger. Similarly, the push force will increase with nanoparticle diameter becoming larger, as shown in (c) and ence shown on the left side of Fig. 16(c) . On the right side of Fig. 16(c) , the experimental images before and after the push operation are overlapped for calculating the manipulation distance. In Fig. 16(d)-(h) , the direction of the actual pushing force is calculated during the vertical push (S 1 ) with different tip offsets. Table IV shows the intersection angle θ ia , which changes with the different tip offsets. When the offset is 0.01 μm, the push distance is maximum, while θ ia is minimum. It is concluded that the effect of the tip shape on the pushing result becomes better as θ ia becomes smaller.
During the manipulation, the direction of tip pushing is varied from 0°to 360°. In order to minimize θ ia , it is necessary to perform fine-tuning of the tip offset position. This study mainly considers the tip position compensation from S 1 to S 8 for effective manipulation (see Fig. 17 ). Fig. 17(a) and (b) show that the tip offsets for S 1 and S 2 are calculated along the direction perpendicular to the manipulation direction. Fig. 17(c) shows that the tip offsets from S 3 to S 8 will be compensated similar to S 2 . Table V shows the compensation results of the tip offsets for Table IV and V marks the optimum offset value. The effectiveness of this method is further illustrated by constructing the complex nanostructures. Finally, a string of "NanoLab" is constructed in the scanning image area with size 8 μm, also the pixel resolution is 31 nm, and the error threshold is defined as 60 nm (see Fig. 18 ). The average push time of 39 nanoparticles is 2.3.
VII. CONCLUSION
The position uncertainties of the tip in the AFM Tip task space still exist due to the thermal drift, nonlinearity of the AFM scanner, and other error sources. Therefore, a local-scanbased approach including the tip motion model and observation model is proposed for positioning the tip in nanomanipulations.
The parameters of the observation model and the motion model are stochastically calibrated through the designed experiments. Additionally, the tip positioning importance is shown by contrasting nanomanipulation results with the different accuracy of the tip positions. The main factors including the landmark domain, contact characteristics between the tip and substrate, and tip position offset for compensating the tip shape effect are analyzed. Finally, the nanostructure with two polygons and a string "Nano Lab" is constructed by using the proposed method with about 2.3 manipulation times per nanoparticle. The experimental results illustrate that the proposed approach can implement a fast and valid nanomanipulation, which provides the technological support for the nanoassembly automation in fabricating MEMS/NEMS device.
